We screened a collection of 4847 haploid knockout strains (EUROSCARF collection) of Saccharomyces cerevisiae for iron uptake from the siderophore ferrioxamine B (FOB). A large number of mutants showed altered uptake activities, and a few turned yellow when grown on agar plates with added FOB, indicating increased intracellular accumulation of undissociated siderophores. A subset consisting of 197 knockouts with altered uptake was examined further for regulated activities that mediate cellular uptake of iron from other siderophores or from iron salts. Hierarchical clustering analysis grouped the data according to iron sources and according to mutant categories. In the first analysis, siderophores grouped together with the exception of enterobactin, which grouped with iron salts, suggesting a reductive pathway of iron uptake for this siderophore. Mutant groupings included three categories: (i) high-FOB uptake, high reductase, low-ferrous transport; (ii) isolated high-or low-FOB transport; and (iii) induction of all activities. Mutants with statistically altered uptake activities included genes encoding proteins with predominant localization in the secretory pathway, nucleus, and mitochondria. Measurements of different iron-uptake activities in the yeast knockout collection make possible distinctions between genes with general effects on iron metabolism and those with pathway-specific effects.
R
ECENT advances have made possible genome-wide different ways. A new tool, the haploid knockout collecapproaches to the biology of eukaryotes. Many tion of Saccharomyces cerevisiae, has recently become availgenes and proteins implicated in iron metabolism have able. Each strain carries a complete deletion of a single been identified in the past 10 years using classical ge-ORF, and the collection can be manipulated and examnetic approaches of mutagenesis, phenotype screening, ined in microtiter well format. We wondered whether complementation, and homology searching. More rewe could use this collection to discover novel genes cently, global transcriptome analysis has become possiinvolved in iron metabolism. ble, and the effects of iron manipulations on gene ex-
The idea underlying this screen is that yeast expresses pression have been studied. Using these methods, a two independent pathways by which iron can enter cells: number of iron transporters and regulators have been siderophore and reductive (Lesuisse and Labbe 1989 ; discovered (Kosman 2003) . However, many aspects are Dancis et al. 1990 ). Both pathways are regulated and still missing from a complete picture of cellular iron responsive to iron availability (Yun et al. 2000a ). Theremetabolism. Mediators of intracellular iron trafficking, fore, random or targeted mutations in the genome that distribution, organelle transport, and processing must alter basic processes involved in cellular iron metaboexist, although few have been identified. Regulators colism will affect activities for both pathways. By contrast, ordinating use of iron in cofactors such as heme and Fe-S mutations selectively impacting one or the other system also must exist and the cofactors must be made, trafficked, will be due to altered expression, localization, or funcand delivered to target apoproteins. Most of these key tion of pathway-specific components. components are yet to be found. Finally, essential proThe siderophore pathway mediates iron uptake from cesses such as transcription, translation, protein trafficksiderophores (Yun et al. 2000b; Lesuisse et al. 2001) . ing, organelle biogenesis, and secretion are likely to Siderophores are small molecules that bind, solubilize, influence iron metabolism to different degrees and in and chelate ferric iron in the environment with tremendous affinity. They are synthesized by a nonribosomal enzymatic process and secreted by bacteria and fungi, 1 ers belonging to the major facilitator superfamily (MFS) tants, iron accumulates within mitochondria and ironsulfur cluster protein activities are deficient (Jensen et al. are required for internalization of ferrisiderophore complexes (Lesuisse et al. 1998; Heymann et al. 1999; . Here we screened a collection of 4847 haploid knock- Yun et al. 2000b) . Trafficking into a vesicular compartment and release of iron occurs subsequently (Kim et out strains [collection from European Saccharomyces cerevisiae Archive for Functional Analysis (EUROSCARF)] al. 2002) . Intracellular release of iron from siderophores is probably mediated by special reductases and/or hyof S. cerevisiae for regulated activities that mediate cellular uptake of iron from siderophores or from ferric/ drolases. The details of intracellular trafficking of ferrisiderophores, iron release from ferrisiderophores, and ferrous salts. We identified hundreds of genes with effects on one or more of these activities. A subset of iron distribution following release are still undefined (reviewed by Haas 2003).
these was evaluated as homozygous diploid knockouts to decrease problems with suppressor mutations. Some The reductive pathway mediates iron uptake from ferric chelates (reviewed by Kosman 2003 ). An exterof these genes were previously known to be involved in iron handling, although most were not previously nally directed plasma membrane ferric reductase activity dependent on Fre1 (Dancis et al. 1992) and Fre2 connected to iron metabolism. An advantage of the present strategy is that it did not depend on evaluation (Georgatsou and Alexandraki 1994) is able to reduce ferric chelates of varying composition (including of growth, which can be difficult to score and insensitive to subtle changes in iron homeostasis. siderophores), thereby releasing ferrous iron that can be accessed by the high-affinity ferrous transport complex. The latter consists of two components, a multi-cop- MATERIALS AND METHODS per oxidase (Fet3) with an externally directed oxidase domain and a polytopic permease protein (Ftr1; StearYeast strains and growth conditions: The entire collection of haploid knockout strains and a subset of diploid knockout man et al. 1996) . The two components together mediate strains of S. cerevisiae (constructed in BY4741 and BY4743,  high-affinity transport of iron into the cell, and both respectively) were purchased from EUROSCARF (Frankfurt, are required for this activity. Copper plays a special role Germany). The genotype of the wild-type strain is: MATa in the reductive pathway, because copper is an obligate cofactor for the multi-copper oxidase (Dancis et al. ura3⌬0/ura3⌬0 (BY4743) . The cells were grown in the wells of 1994). Copper delivery to the oxidase requires cellular microtiter plates filled with complete YPD medium (100 l copper uptake (mediated by Ctr1 and in some strains medium/well). The cells were precultured for 48 hr at 30Њ also by Ctr3) and copper delivery into the secretory without agitation and then diluted 10-fold in medium of the pathway (mediated by the Atx1 metallochaperone and same composition and cultured for 5 hr under the same conditions before being used for experiments. For quality control, the Ccc2 P-type ATPase). Thus mutations that interfere one mutant strain was randomly selected from each of six with these steps or with the integrity of the secretory plates (YLR363w, YNR031c, YML033w, YLR278c, YOR041c,  pathway result in defects of reductive iron uptake. Notaand YOR356w) and subjected to two PCR reactions for strain bly, copper proteins are not involved in iron uptake verification. The primers used were strain-specific primers A from siderophores (Knight et al. 2002; Kosman 2003 For example, siderophore uptake seems to turn on in Ferric reductase and ferrous uptake assays: Cells were inocuresponse to more severe iron deprivation, and reductive lated and grown as described above. After 5 hr of growth at iron uptake responds to milder iron deprivation. A class 30Њ, the microtiter plates were centrifuged at 1500 ϫ g for 5 of mutants with defects in Fe-S cluster assembly exhibits min. The medium was aspirated, and the cells were washed twice in ice-cold 50 mm citrate, pH 6.6, 5% Fe citrate and incubated at 30Њ. After 1 hr, the cells were harvested (Tomtec Mach III M) onto fiber filters (Wallac). The filters were allowed to dry, and they were then soaked in scintillation fluid (Wallac BetaPlate Scint) before being counted using a 96-well liquid scintillation counter (Wallac Microbeta LS).
Clustering of data: Mutant strains with similar patterns of activities for iron reductase, ferrous iron uptake, and siderophore iron uptake were identified by clustering analysis of the numerical data. Activities in the mutant strains were normalized by reference to the wild-type values, and these ratios were expressed as log base 2. We used the Cluster 3.0 software developed by Eisen et al. (1998) and modified by de Hoon et al. (2004) to perform k-mean clustering (k ϭ 10) of the data, with uncentered correlation for similarity [metric for Figure 1 .-The complete haploid knockout collection from both strains (row) and activities (columns)]. Cluster 3.0 was EUROSCARF was assayed for FOB uptake. Data for strains in retrieved at http:/ /bonsai.ims.u-tokyo.ac.jp/‫ف‬mdehoon/soft sequentially numbered wells in microtiter plates (x-axis) were ware/cluster. The output was visualized using the JavaTreeplotted as a scattergram against uptake data in counts per View software written by A. Saldanha (available at http:/ / minute (y-axis). Due to the presence of numerous empty wells genome-www.stanford.edu/alok/TreeView).
on the assay plates, the number of assays (Ͼ7000) exceeded Statistical analysis: The diploid strains assayed for ferric the number of knockout strains (4847 The FOB ferrisiderophore complex is colored yellow preculture, the cells were diluted 10-fold and grown for 5 hr brown, whereas the iron-free siderophore is uncolored.
at 30Њ before RNA isolation. RNA was extracted as described Yeast strains such as AFT1-1 up that accumulate FOB, yet previously (Kohrer and Domdey 1991) . Northern blotting are unable to dissociate the iron from the siderophore, (using 20 g of total RNA) and hybridization [at 42Њ in 50% form distinctive yellow colonies .
(vol/vol) formamide] were done essentially as described (Sambrook et al. 1989 mitochondrial membrane), GGA2 (adaptor protein inProtoplasts were lysed and fractionated to purify isolated volved in Golgi-to-vacuole transport of special protein mitochondria as previously described (Raguzzi et al. 1988). substrates), GGC1 [which we previously described as YHM1 (Lesuisse et al. 2004) , a GTP/GDP exchanger of the mitochondrial inner membrane (Vozza et al.
RESULTS AND DISCUSSION
2004) that is involved in mitochondrial iron homeostasis]. Finally, YLL029w encodes a gene with unknown funcInitial screening of the haploid knockout collection for FOB uptake rates: The collection of haploid knocktion ( Figure 2 ). The color of colonies grown on FOBcontaining agar plates was not directly related to the out strains was evaluated using a quantitative assay for radioactive iron uptake from FOB. Results of the screen rate of FOB uptake by the cells, as illustrated by the ARF1 mutant, which showed high-FOB uptake and no are shown as a scattergram (Figure 1) , and they show a wide distribution of activities, with ‫%01ف‬ of clones color change indicative of ferrisiderophore accumulation (Figure 2 ). The colored colony phenotype thereexhibiting increased activity of Ͼ1.8-fold that of wild cells unable to dissociate siderophores at the intracellular level are expected to show increased siderophore uptake compared to wild-type cells when grown on siderophore-containing medium (because undissociated iron will be unavailable for Aft-mediated sensing). In the present screen, we selected strains grown on siderophore-free medium that showed high-FOB uptake, thus excluding putative mutants that would show unrepressed siderophore uptake because of a defect in siderophore iron sensing. In summary, the data of Figure 2 show that YGR063c/YGR064w, YLL029w, CIK1, TIM18, GGA2, and GGC1 are involved, maybe indirectly but specifically, in iron removal from intracellular FOB.
Our screen revealed that a special category of mutants was deregulated for FOB uptake: mutants that were affected in mitochondrial functions frequently showed high (1.5-to 2-fold that of the wild-type value) or very high (Ͼ2-fold that of the wild-type value) FOB uptake rates. This was the case for mutants deleted for genes encoding mitochondrial ribosomal proteins [MRP(L) shown). We are currently studying these categories of grow for 3 days at 30Њ. The appearance of the colonies was mutants further to discriminate between specific effects recorded (left column). The rate of FOB uptake by each and effects related to the rhoϪ status of mutants. Results mutant was measured independently as described in materiof this study will be presented elsewhere. tants, we noted that numerous strains showed changes in their uptake rates from one assay to the next. The changes were invariably from high uptake to lower upfore must reflect a specific defect in intracellular FOB take, and the changes became more pronounced over dissociation that is separate from induction of the rate time and with repeated assaying (Table 1) . We preof cellular FOB uptake. Little is known about the mechaviously found that ssq1 and yfh1 mutant strains develnisms of intracellular iron release from internalized sideoped extragenic suppressor mutations in the genes merophores in S. cerevisiae. Theoretically, iron could be diating cellular iron uptake (Stearman et al. 1996 ; released from siderophores within cells by reduction of Lesuisse et al. 2003) , and iron accumulation has been the chelated iron or by hydrolysis of the siderophore shown to produce a mutator phenotype (Karthikeyan itself. The process could take place in a vesicular comet al. 2002) . We therefore became concerned that expartment or in the cytoplasm and might involve regulatragenic suppressor mutations arising in high-uptake tory effects, depending on mitochondrial function. The mutant strains of the haploid knockout collection might effects on this process observed in the mutants identified be obscuring the true phenotypes. At this point, the here could be direct or indirect. For example, Tim18, a haploid knockouts identified by the primary screen were chaperone protein of the intermembrane space, is inreacquired as diploids carrying deletions of the correvolved in translocation and membrane insertion of carrier sponding ORFs. We reasoned that these would maintain proteins. Ggc1 is such a carrier protein and therefore is more stable phenotypes, since recessive suppressor mulikely to depend on Tim18 function for correct localization tations would not be expressed. We also acquired the and folding. Guanine nucleotides in turn are the subwild type, BY4743, and seven additional homozygous strate for Ggc1. Levels of guanine nucleotides appardiploid mutants of genes previously characterized in ently affect iron homeostasis and might influence sideriron uptake and homeostasis (FTR1, FET3, CTR1, ATX1, ophore iron release as well, although how these effects CCC2, SSQ1, and YHM1) to serve as controls. occur is unknown. The FOB accumulator phenotype of Analysis of uptake from various siderophores: A sub-AFT1-1 up mutants could indicate that Aft1 target genes set of the homozygous diploid mutants that showed a mediate the effect, although none of the genes identiclear FOB uptake phenotype was analyzed for iron upfied here are Aft1 regulated.
take from four different siderophores (FOB, FCH, TAF, Candidate gene(s) for proteins directly participating and ENB). To further parse phenotypic categories, iron in iron dissociation from FOB (some reductase or hyand copper content of the growth medium was manipudrolase, for example) were not identified here. Perhaps lated, and reductase and ferrous-iron-uptake activities were measured. This first analysis sheds light on the this is due to the nature of the screen itself. Mutant TABLE 1 informative here, and we will discuss several examples shown in Figure 3 .
Progressive loss, in successive screens, of the high-FOB uptake phenotype in some haploid strains 1. Horizontal nodes 2, 3. In these groups of mutants, ferrous uptake was low (green) and associated with conclusion that FOB uptake was specifically altered, implying a regulatory signal specific for FOB uptake
The values indicate the rate of FOB uptake compared to or a more direct gain of function effect on compowild type (ϭ 1).
nents of the uptake pathway. 3. Horizontal node 5. In node 5, the FOB and FCH uptakes were increased, while other activities reoverlap or differences among iron-uptake pathways. The mained unperturbed. Again, these effects are undata are shown in Figure 3 . Each vertical column depicts data for a particular type of iron-uptake assay: ferric likely to be the result of general misregulation of iron metabolism, because other reductase and ferreductase, ferrous iron uptake, or siderophore iron uptake. Each horizontal row depicts the results for a single rous transport was unaffected. The effects could be due to regulatory signals or upregulation of compoknockout clone, constructed by replacement of the open reading frame for a single gene, indicated by ORF nents shared by FOB and FCH uptake pathways. 4. Horizontal node 6. In two mutant strains, ⌬sit1 and number and name. The data represent mean values of triplicate measurements and are color coded, with red ⌬deg1, iron-uptake activities from FOB and FCH decreased, whereas other activities were minimally alrepresenting relative increased activity and green representing relative decreased activity compared to the patered. SIT1 encodes a member of the MFS implicated in uptake of siderophores at the plasma membrane. rental control strain. The clustering software grouped the iron assays into three main nodes. The left-hand
The substrate specificity for Sit1p shows preference for FOB but also includes FCH . node consists of ferric reductase activity, measured following growth under low-copper (ϪCu), copper-replete
The deg1 deletion strain phenocopies ⌬sit1, raising the possibility that Deg1p modulates SIT1 expression (ϩCu), or low-iron (BPS) conditions. These correspond to moderately inducing, repressing, and maximally inor acts downstream of Sit1p in siderophore uptake. However, the decreased FOB and FCH uptake in ducing conditions. The middle node groups ENB uptake with ferrous uptake, following low-copper (ϪCu) these knockout mutants mirrors the increased FOB and FCH uptake in other mutants (horizontal blocks or copper-replete (ϩCu) growth. The right-hand node groups siderophore uptake from FOB, FCH, or TAF. 5), indicating the existence of a specific trafficking pathway for handling these two siderophores. What is immediately clear is that although these activities involved in iron acquisition may sometimes be coor-5. Horizontal nodes 3, 5, 6, 10 (and, to a lesser extent, 7). These groups show unique behavior for the TAF dinately expressed, they more often show divergent levels of expression. The divergences are particularly uptake activities, which remained unperturbed in the face of increased or decreased activity for transport of the other siderophores. However, in some cases TAF uptake seemed to move with the other transport activities and was clearly iron responsive. A possible explanation for these data is the existence of a threshold effect; for example, a lower-affinity Aft1-binding site on a MFS member promoter mediating TAF uptake could be envisaged. Another possibility, which does not exclude the previous one, is that TAF uptake and use involves different pathways of regulation and/or trafficking. This hypothesis is strengthened by our previous observations that the presence of TAF did not interfere with the uptake of other siderophores (FCH, FOB, or FC), which themselves showed complex relationships of competitive inhibition for uptake (Lesuisse et al. 1998 ). In addition, we observed that the Cyc8-Tup1 repressor had opposite effects on the uptake of FOB/FCH and on the uptake of TAF ). 6. Horizontal node 8. In this node, the mutant strains showed increased cell reductase activity whatever the growth conditions and increased uptake activity whatever the iron source. This suggests that the strains grouped in this node suffer from a general misregulation of iron metabolism, as shown for mutants of mitochondrial iron homeostasis (yfh1, nfs1, isu1/2, etc.; Li et al. 1999; Foury and Talibi 2001; Gerber et al. 2004) . Interestingly, four of six strains of this node were deleted for a gene encoding a mitochondrial protein (IMG2, YME1, MTM1, and YHM1/GGR1), highlighting once more the importance of the mitochondrial compartment for cellular iron homeostasis. 7. Vertical column for ENB uptake. ENB uptake was found to group with ferrous transport activities rather than with other siderophore transport activities. Siderophores bind ferric iron with high affinity but ferrous iron with low affinity. Following reduction of the ferrisiderophore complex, ferrous iron could be released and permeated into the cell via the Fet3/Ftr1 ferrous transport complex (Lesuisse and Labbe 1989; Yun et al. 2000a) . Grouping of the ENB data with the ferrous transport data suggests that iron bound to ENB was taken up via a reductive pathway and that a specific MFS member was not involved. We sought direct confirmation for this by measuring iron uptake from various iron sources in a ⌬fre1⌬fre2 mutant strain, which lacks cell-surface ferrireductase activity (Georgatsou and Alexandraki 1994). Results are shown in Figure 4 . As expected, uptake of ferric shown unambiguously in S. cerevisiae (FOB, FCH,
Low-ferrous uptake:
The first category, characterized by low-ferrous iron transport, includes knockouts of genes with known functions in iron metabolism ( Figure 5A ). Within this category, the aft1 deletion mutant exhibited a unique phenotypic profile of decreased FOB transport activity and decreased ferrous transport activity (node 5A-1 in Figure 5A ). Basal and induced ferric reductase levels were maintained, perhaps because of the ability of alternate transcription factors such as the coppersensing Mac1p (or Aft2p) to mediate expression in the absence of Aft1p (Georgatsou et al. 1997; Blaiseau et al. 2001) . UME6 (node 5A-1) knockouts exhibited some aspects of the ⌬aft1 phenotype, and the encoded protein (a zinc-finger transcription factor) may therefore play a role in iron sensing. FET3 and FTR1 are known Aft1p target genes. FET3 encodes a multi-copper oxidase, and the encoded protein is associated with Ftr1p to form the plasma membrane transporter complex for highof S. cerevisiae (S150-2B). Cells were incubated for 30 min in affinity ferrous uptake (Stearman et al. 1996) . Thus, as from the AFT1 deletion phenotype in that FOB uptake was not decreased in mutants of the ferrous transporter. Surprisingly, FOB uptake and ferric reductase were not TAF) was unaffected-or even increased-by the loss induced in these iron transport mutants, implying that of cell-surface reductase activity (Figure 4) . However, inactivation of the ferrous transporter does not by itself uptake of the catecholate-type siderophore ENB was produce severe iron starvation. Other iron acquisition strongly decreased in reductase-deficient cells (Figpathways such as low-affinity iron transporters (Dix et ure 4). These results suggest that iron uptake from al. 1997) likely can function in rich media to supply ENB follows a reductive pathway and that the putative adequate iron to prevent starvation. This was confirmed siderophore transported via the ENB1 gene product by Northern blotting FET3 and SIT1 mRNAs from the remains to be identified. Another possibility is that ⌬ftr1 mutant and from wild-type cells: transcription of a specific transporter for enterobactin (Heymann et these genes was only slightly increased in the mutant al. 2000) could still exist and might be completely ( Figure 5 ). repressed in complete medium.
Mutants blocked in riboflavin biosynthesis (⌬rib4, Analysis of gene groups with characteristic phenonode 5A-1) also showed deregulation of iron metabotypes for reductive or nonreductive uptake: In indepenlism. However, the phenotype of the haploid ⌬rib4 strain dent experiments, a set of 110 homozygyous diploid differed from that of the diploid ⌬rib4/⌬ strain, and mutants, seven control strains (FTR1, FET3, CTR1 , both the haploid and diploid strains tended to accumu-ATX1, CCC2, SSQ1, and GGC1), and wild type (BY4743) late extragenic suppressor mutations (data not shown). were analyzed for iron uptake from FOB (siderophore The effect of riboflavin synthesis on iron metabolism pathway) and ferrous ascorbate (reductive pathway).
will be described elsewhere. Ferric reductase was also measured, and iron and copNode 5A-2 clusters data for mutants of CTR1, CCC2, per content of the growth media was manipulated. The and ATX1. These mutants exhibited low-ferrous transclustering analysis grouped the data to identify 10 pheport activity, high ferric reductase, and high-FOB upnotypically similar groups of mutants. These phenotypic take. The corresponding genes have established roles groups could be clustered into three more general catein copper transport, and therefore the iron regulatory gories. The defining characteristic of the first category phenotypes of the mutants are likely secondary to effects was low-ferrous iron transport activity ( Figure 5A ). The on copper. CTR1 encodes a plasma membrane copper hallmark of the second category was specific alteration transport protein. The function of CTR1 is redundant (high or low) of FOB uptake activity ( Figure 5B ). Finally, with CTR3. However, the latter is inactivated by transpomutants in the third category exhibited generalized inson insertion in some yeast genetic backgrounds (induction of all iron transport activities compared with cluding BY4741/2), leading to dependence on CTR1 wild-type controls ( Figure 5C ). In each category, a few expression for high-affinity copper uptake and highstrains were assayed for their level of FET3 and SIT1 affinity iron uptake (Knight et al. 1996) . ATX1 encodes a copper chaperone, dedicated to delivering copper to RNAs by Northern blotting (Figure 5 ). -Clustering of homozygous mutants with similar phenotypes for FOB iron uptake, ferric reductase, and ferrous iron uptake (left). Nodes of similar mutants were further grouped into three categories with different uptake signatures: (A) lowferrous uptake, (B) high-or low-FOB uptake, and (C) high-FOB uptake, ferric reductase, and ferrous uptake. For each node, representative mutants were selected, and mRNA was isolated and tested by Northern blotting for SIT1 and FET3 mRNA levels (right). FeRed, ferric reductase activity [under copper-deficient (ϪCu), copper-replete (ϩCu), or irondeficient (BPS) conditions]; Fe(II), ferrous uptake. Results are expressed (according to the color scale) in log base 2 as the ratio of mutant to wild type. Means are from four experiments. the P-type ATPase Ccc2p, which in turn transports copearliest part of the secretory pathway. Partial correction was observed for CTR1, ATX1, and CCC2 mutants. Some per into the secretory pathway for Fet3p activation. The genes CTR1, CCC2, and ATX1 are involved in copper VPS mutants, such as ⌬vps4 and ⌬vps9, showed partial correction. The phenotypes of these diploid mutants handling and delivery of copper to apo-Fet3, and thus the corresponding mutants have deficient Fet3 activity, in the BY4743 background were slightly different from previously published experience with haploid mutants accounting for the low-ferrous transport activities. Another characteristic of node 5A-2 is greater induction in a different genetic background (Yuan et al. 1997) . However, these differences are difficult to interpret, of FOB uptake and ferric reductase compared with node 5A-1 (FET3 and FTR1 mutants, for example) . Similarly, because the ability of copper to correct ferrous transport defects in various mutants is poorly understood. The transcription of FET3 and SIT1 was increased compared to wild-type levels in the ⌬ccc2/⌬ strain representative effects are presumed to be mediated by an uncharacterized low-affinity copper transport pathway able to bypass of this node ( Figure 5) . A possible explanation for these differences is provided by the role of Fet5, a multithe usual copper delivery pathway to Fet oxidases in the secretory pathway. copper oxidase associated with the Fth1 permease in the vacuole membrane and dedicated to pumping iron Altered FOB transport: The second phenotypic category is characterized by altered FOB transport activity (Figoutward to the cytoplasm (Urbanowski and Piper 1999). Thus copper deficiency or impaired copper trafficking
ure 5B). Iron use from siderophores involves a complex machinery regulated at transcriptional and post-tranwill lead to defects in both Fet3 and Fet5 oxidases, with consequently more severe cellular iron starvation than scriptional levels. The presence of siderophores in the medium has to be "sensed" by the cells prior to the defects in either oxidase separately. BUD32, PKR1, and RAV1 knockouts also showed similar phenotypes to the siderophore receptors being exported at the plasma membrane (Kim et al. 2002) . Transcription of genes for copper trafficking mutants, with low-ferrous uptake partly compensated by copper addition to the media these receptors is itself subject to complex regulation, depending on Aft1/2 and Tup1/Cyc8 (Lesuisse et al. and constitutively high-FOB uptake (node 5A-2). The functions of Bud32 and of Pkr1 are unclear, but Rav1 2001). Iron-dependent and iron-independent signals are integrated in control of these genes. Endocytosis is part of a complex named "regulator of the (H ϩ )-ATPase of the vacuolar and endosomal membranes" and recycling of the siderophore receptors depend on the machinery for intracellular protein trafficking, in-(Seol et al. 2001), which could be involved in copper trafficking in a way that remains to be determined. volving many regulatory steps at various levels. This may explain the high number of genes implicated in FOB Node 5A-3 includes protein sorting mutants localized to later stages in the secretory pathway. Also included uptake and regulation. In node 5B-1 in Figure 5B , FOB uptake was increased are VMA mutants lacking constituents or regulators of the hydrogen transporting vacuolar ATPase. The iron but reductase and ferrous transport were not altered. In node 5B-2, FOB uptake was increased and ferric phenotype of these mutants depended on transcriptional effects on iron transporter expression and also reductase was decreased under some conditions, while ferrous transport was variable. The phenotype of these probably on post-transcriptional effects. Representative mutants of node 5A-3 (⌬pep12 and ⌬vma6) showed a mutants was probably not due to direct transcriptional effects on the "iron regulon" genes, as the levels of FET3 significant increase in the levels of FET3 and SIT1 transcription ( Figure 5 ). Several mutants (⌬pep12, ⌬vps15, and SIT1 transcription were not significantly altered in representative strains (⌬gga2, ⌬vam6, ⌬ssn8; Figure 5 ). ⌬arf1, etc.) with impaired endosome fusion with late endosome and vacuolar compartments are expected to Many genes of these first two nodes (5B-1, 5B-2) are involved in transcriptional regulation and RNA proexhibit decreased recycling of Sit1 (Kim et al. 2002) . Increased Sit1 at the cell surface in these mutants could cessing (LSM1, LSM6, LSM7, PAT1, SSN3, CYC8, SSN8, MED1, etc.) . Thus, effects of these mutants on FOB then enhance cellular uptake of FOB by a post-transcriptional mechanism.
uptake are likely to be indirect (in view of the lack of change in SIT1 message level in the ⌬ssn8 strain). Other The signature iron phenotype of these mutants overlaps that produced by copper deficiency and could be genes in this group are involved in intracellular protein trafficking (GGA2, VAM6, APS3, etc.), and these might explained by missorting of copper transporters and/or copper delivery components. Alternatively, disruption influence trafficking of siderophores or siderophore receptors. One of these genes, GGA2 (block 5B-1), is parof acidification of the secretory pathway might interfere with efficient copper loading of apoproteins. Consistent ticularly interesting, since the corresponding mutant showed strongly increased FOB uptake with unaltered with this idea, some ferrous transport defects in some of the mutants were corrected by growth in high concen-SIT1 transcription, while other iron-dependent activities (reductase and ferrous transport) were unchanged. trations of copper (50 m added to YPD). The degree of correction was variable. No correction was observed Moreover, TAF uptake by the ⌬gga2 mutant was unaltered (see Figure 3 , node 5), and undissociated FOB for FET3 and FTR1 mutants as expected, since the copper-binding target Fet3p is absent or retained in the accumulated in this mutant (see Figure 2) . Thus, the gga2 mutation creates a specific interruption upstream ferrous transport. The corresponding ORFs are candidates for genes that function in general iron metabolism of the dissociation step for FOB and FCH. Gga proteins are known to contribute to protein sorting by functionor iron sensing. Many categories of genes are included here, including genes for nuclear-encoded mitochoning as adaptors between cargo proteins and clathrin coats (Katzmann et al. 2002) . We are currently trying drial functions, genes implicated in endocytosis, vacuolar protein sorting, and transcriptional regulators. Tranto use the ⌬gga2 mutant as a tool to determine which cellular compartment(s) is involved in iron dissociation scriptional and post-transcriptional effects were involved in producing the mutant phenotypes. One strain taken from FOB.
The node 5B-3 is very interesting. It includes two strains as representative of node 5C-1 (YLL029w) showed a moderate increase (about twofold) in the level of FET3 mutated in genes that are antisense to one another, BUD25 and HEM14. Both strains showed markedly increased FOB and SIT1 transcripts ( Figure 5 ). However, iron-uptake activities were more severely affected (about fivefold uptake, strongly decreased reductase, and unaltered ferrous transport. Both strains showed heme deficiency, alincreased), suggesting that post-transcriptional regulation was also involved. In node 5C-2, a number of genes though the Hem14 block in heme biosynthesis is a little leaky, because protoporphyrinogen can be oxidized implicated in endocytosis and intracellular protein trafficking are grouped together. In contrast to what was into protoporphyrin nonenzymatically to some extent (Camadro et al. 1994) . Both strains were able to grow observed in other endocytosis mutants (see strains of node 5A-3), no direct effect on FET3 and/or SIT1 translowly on YPD medium without supplementation with hemin or tween/ergosterol. Reductase activity of these scription was observed here ( Figure 5 ). Note that the biological significance of low-ferrous transport followstrains was virtually absent, probably due to the lack of heme, which is a cofactor for the Fre protein reductases ing growth in the presence of copper is unclear, but nonetheless, this characteristic seems to enable pheno- (Shatwell et al. 1996) . The observation that these strains showed very high uptake of FOB raises the questypic grouping of endocytosis mutants. Several of the mutants in this node (⌬snf7, ⌬vps20, ⌬vps25, ⌬vps28, tion of the role of heme synthesis in iron homeostasis. In a recent study, Crisp et al. (2003) showed that heme⌬vps36, and ⌬bro1) are expected to be defective in fusion of late endosome vesicles to the vacuole (Katzmann et deficient mutants downregulated genes of the "iron regulon." However, regulation of genes involved in sideroal. 2002) . The consequences of this organellar trafficking abnormality may be to increase Sit1p concentration phore uptake by these mutants was not examined. The present study shows that SIT1 transcription was tremenat the cell surface, leading to increased FOB uptake. In addition, there may be enhanced surface expression dously increased in the ⌬hem14 mutant compared to wild-type cells (Figure 5 ), which could account for the of reductase and ferrous transport proteins, leading to increased reductase activity and ferrous transport acobserved phenotype of high-FOB uptake. In a previous study, we showed that some heme mutants showed contivity. Statistical analysis of mutants with effects on iron stitutively high-FOB uptake (Lesuisse and Labbe 1989) . We therefore studied this question further and analyzed uptake grouped according to proposed cellular localizations of the corresponding gene products: The data up the influence of global heme deficiency and of specific genes (the HEM gene family and the BUD25 gene) on to this point have been analyzed using k-means clustering of uptake and reductase activities to group mutants siderophore and ferrous transport. Results of this study will be published elsewhere.
according to phenotypic similarities. The multiple biological replicates (n ϭ 4) of the data for ferrireductase Node 5B-4 groups strains with low-FOB uptake activities. As expected, the ⌬sit1 mutant was found in this and ferrous uptake allowed us to perform a more standard statistical analysis (regression in the context of group. The influence of HSP12 disruption on iron metabolism should be studied further, because the haploid ANOVA), comparing each mutant with the wild type. For this analysis only diploid mutants that had a FOB and diploid mutants behaved differently. The haploid ⌬hsp12 strain was initially selected for high-FOB uptake, uptake rate of Յ0.6 times wild type (low) and of Ն1.8 times wild type (high) were included. The data from this but tended to loose this phenotype in the successive screens (see Table 1 ), while the diploid ⌬hsp12/⌬ strain alternative statistical analysis are presented according to the proposed cellular localization of the corresponding showed a stable low-FOB uptake phenotype. The reason for such a discrepancy is unknown. The phenotype of proteins (from Saccharomyces Genome Database Gene Ontology (GO) annotations) in Table 2 . For ferric rethe ⌬deg1 strain resembles the ⌬sit1 strain. DEG1 encodes a tRNA pseudouridine synthase and may play a ductase activity and ferrous uptake, mutants are described with high or low activity if there was a statistical role in regulating SIT1 expression or activity. Notably, the level of SIT1 transcript was very low in this strain difference compared to wild type at a level of P Ͻ 0.05. An overview of Table 2 indicates that the majority of ( Figure 5) .
Generalized induction of all activities:
The third phenomutants that had altered FOB uptake also had altered ferrireductase activity. However, of the 81 mutants that typic category ( Figure 5C ) groups together mutants that showed highly induced reductase, FOB transport, and had high-FOB uptake, only 28 had significantly altered Mutant FOB uptake is defined as "Low" if the mean value of three assays is Յ0.6 ϫ wild type and defined as "High" if Ն1.8 ϫ wild type. Mutant ferrireductase activity and ferrous uptake is defined as "High" or "Low" if statistically different from wild type (P Ͻ 0.05).
a Control homozygous diploid mutant. b Low-ferrous uptake correctable by copper to wild-type levels.
ferrous uptake (7 had high and 21 had low-ferrous upThe convergence is particularly apparent in the mitochondria where four mutants (⌬img2, ⌬mtm1, ⌬tom5, take-not including the mutant control strains). Likewise, of the five mutants that had low-FOB uptake, only and ⌬YCR024c) as well as the control mutant ⌬ggc1 (formerly ⌬yhm1) exhibit high-FOB and high-ferrous 1 mutant also had abnormal (low) ferrous uptake. Thus, comparison of FOB uptake with ferrous uptake is likely uptake ( Table 2) . Three of the corresponding proteins are involved in mitochondrial protein biosynthesis or to be more informative than comparison with ferrireductase. The lack of correlation between FOB and ferprotein import. Img2p is a constituent of mitochondrial ribosome complex. YCR024c encodes a mitochondrial rous uptake in these mutants is probably reflective of the functional separation of these two pathways in bringprotein with asparaginyl-tRNA synthetase activity (Landrieu et al. 1997) . Disruption of either gene generates a ing iron into the cell. However, organelles in which the FOB and ferrous uptake phenotypes converge might be petite phenotype, although why deletion also generates this particular iron phenotype is not clear. Tom5p is key components of intracellular iron transport or iron regulation systems.
part of the mitochondria outer membrane translocase complex and may serve as a functional link between the sor complex was involved in iron-uptake regulation, with preferential effects on derepressing the siderophore upouter membrane receptors and the general import pore of the mitochondria (Dietmeier et al. 1997) . A role for take pathway . At this stage, it is not possible to discriminate between factors that directly this protein in the import of proteins involved in Fe-S cluster and/or heme cannot be excluded. The effect mediate transcription of the "iron regulon" genes and those that could act more indirectly. However, the copof Tom5p on cellular iron uptake is likely to be posttranscriptional, since disruption of the corresponding per correction of the low-ferrous uptake of the ⌬med1 mutant might suggest that the corresponding protein genes did not significantly alter the level of FET3 and SIT1 transcripts (data not shown). The corresponding mediates its effect on the genes encoding copper transport/distribution proteins. protein for the other mutant in this group, Mtm1p, is a mitochondrial carrier protein involved in activation Finally in this statistical analysis, one mutant had a distinct phenotype of low-FOB uptake and low-ferrous of Sod2 (Luk et al. 2003) . The ⌬mtm1 mutant was shown to accumulate iron in the mitochondria (Luk et al. uptake. That mutant was ⌬aft1, the well-characterized iron regulatory transcription factor (Yamaguchi-Iwai 2003) . Overall, the phenotype of ⌬mtm1 is very similar to that of strains defective in mitochondrial Fe-S cluster et al. 1995) . The uniqueness of this mutant phenotype from a primary screen of Ͼ4847 mutants underscores assembly-ssq1, nfs1, and the control mutant strain ggc1 (Knight et al. 1998; Li et al. 1999; Lesuisse et al. 2004) .
the critical role that Aft1p plays in yeast iron homeostasis. This convergence of high-FOB uptake and high-ferrous uptake phenotypes in strains with mutations of genes Phenotypic categories and iron distribution: The initial screen identified many mutant strains of yeast with encoding mitochondrial proteins underscores the importance of this organelle in cellular iron homeostasis increased activity for iron uptake from FOB. The increased FOB uptake could be a regulatory consequence and lends weight to our hypothesis ) that a mitochondrial Fe-S cluster (that could be sensitive of cellular iron starvation occurring during growth (phenotypic category I). Alternatively, it could result to oxidative stress especially by superoxides) performs a regulatory function in a signal transduction chain from from specific effects that increase siderophore transport into cells (phenotypic category II). Finally, increased the mitochondria to the cytosol to inform the cell of iron status. The majority (21) of the high-FOB mutants FOB uptake activity could result from a general perturbation of iron sensing and iron regulation (phenotypic with a defect in ferrous uptake had low-ferrous uptake. This reciprocal phenotype convergence (high-FOB, category III). We next evaluated examples of knockout mutants from each phenotypic category in terms of their low-ferrous uptake) was particularly notable in mutants whose corresponding proteins are located in or intracellular iron distribution following iron loading with FOB as an iron source (Table 3) . The results show involved with the secretory/vacuole system and the nucleus. The secretory/vacuolar mutants include ⌬pep7, that iron distribution was abnormal for mutants from each category, with proportionately decreased mito⌬rav1, ⌬vps9, ⌬vma6, ⌬vma10, and ⌬vma13. The lowferrous uptake of ⌬rav1 and ⌬vps9 mutants could be chondrial accumulation of iron. In the ⌬vma10 mutant (category I), biogenesis of the vacuolar ATPase is dissuppressed by the addition of copper to the growth media in a manner identical to the control mutants rupted. The iron phenotype was characterized by impaired ferrous transport and increased FOB uptake ac⌬ccc2 and ⌬atx1. Rav1p is involved in the regulation of vacuolar acidification and Vps9 is a guanine nucleotide tivity. When the cells were loaded with iron from FOB, cell-associated iron was increased as expected. However, exchange factor involved in vacuolar protein transport (Hama et al. 1999) . Although the low-ferrous-uptake mitochondrial iron was not proportionately increased.
In the ⌬gga2 mutant (category II), the FOB uptake was phenotype of ⌬vam6, ⌬vma10, and ⌬vma13 cannot be corrected by the addition of copper to the growth mespecifically induced with no alteration of reductase or ferrous transport. The ⌬gga2 mutant had the additional dia, all three corresponding proteins are essential in vacuolar acidification. Vma6p and Vma10p are subunits phenotype of accumulating colored iron siderophore complexes, indicating a problem in dissociating them or of the H(ϩ)-ATPase (Bauerle et al. 1993; Supekova et al. 1995) , and Vma13p is required for H(ϩ)-ATPase distributing them intracellularly (see above). Following iron loading from FOB, cellular iron was increased, assembly. These data support the idea that a functional vacuole is required for normal iron and copper cellular and again, mitochondrial iron was not proportionately increased. In mutants of TOM5, POR1, FMC1, and IMG2 homeostasis (Szczypka et al. 1997; Davis-Kaplan et al. 2004) . When the vacuole is dysfunctional, ferrous up-(category II), mitochondrial functions are disrupted to varying degrees and in a pleiotropic manner. Reductive take is diminished and the increase in FOB uptake is likely the result of a compensatory regulatory system. and FOB transport were induced, but again, following loading with iron from FOB, mitochondrial iron accuThe nucleus was also a site for reciprocal convergence of high-FOB and low-ferrous uptake for the mutants mulation was not proportionately increased. The implication of all these results is that cellular iron uptake ⌬tup1, ⌬cyc8, ⌬med1, ⌬ssn3, and ⌬taf1 (Table 2) . The corresponding proteins all mediate transcription. We and mitochondrial iron accumulation from FOB are subject to separate controls. Many of the mutations that previously showed that the Tup1/Cyc8 general repres- Fe-FOB, harvested in the late exponential phase of growth, and fractionated to determine the amount of iron in the soluble and mitochondrial fractions. Data are from one experiment.
impacted on cellular iron uptake, inducing FOB transof the intracellular FOB could be found undissociated inside the mitochondria. Mitochondria are intrinsically port activity, did not induce mitochondrial deposition of the iron. This is in contrast to the phenotype of more pigmented than whole cells, and thus accumulation of the siderophore pigment into this organelle is Fe-S cluster assembly mutants in which induction of FOB uptake activity and mitochondrial iron accumulaless easily determined than in whole cells. We are currently working on these questions related to the intraceltion are salient features. Two mutants (category III) that did not adhere to the pattern described above were lular dissociation of siderophores.
General conclusion and caveats:
This study of the examined. Instead, they exhibited increased iron transport activities (reductase, ferrous transport, and FOB entire set of viable haploid deletion strains of S. cerevisiae from the EUROSCARF collection revealed a huge numtransport), but following loading with iron via FOB, they accumulated mitochondrial iron in proportion to ber of genes with involvement in cellular iron homeostasis. In the initial screen for FOB uptake, Ͼ10% of the cellular iron, and so the ratio of these compartmental accumulations was not altered (Table 3 ). YLL029w and mutants (570 strains) showed altered activity compared to the wild-type strain. A subset with reproducibly abnorYGL220w encode uncharacterized ORFs. The corresponding proteins are reported to be cytoplasmic, and mal phenotypes was selected and analyzed as homozygous diploids (197 strains including 79 with mutations it is interesting to speculate that they may coordinately control cytoplasmic and mitochondrial iron distribuin COX, ATP, and MRP(L) genes, which will be presented separately). Some strains affected in iron metabolism tion. YLL029w may be especially interesting to study further, since the corresponding mutant accumulated probably passed through the net of our successive screens for several reasons. First, all the strains that did FOB as its undissociated form (see above). One important question that arises from the analysis of iron distrinot show altered iron uptake in the first screen were not studied further; thus, errors in measuring uptake bution in strains showing increased FOB uptake is indeed related to the cellular location where iron values in the first screen may have led to discarding some potentially interesting strains. Second, our screen dissociation from the siderophore takes place. Is iron necessarily released from the siderophore before enterwas more sensitive at detecting high-FOB uptake strains than low-FOB uptake strains (for technical reasons reing the mitochondria, or is there some pathway for siderophore uptake and use by the mitochondria itself? lated to the specific activity of 55 Fe that we used). Finally, a large number of mutants showed an unstable phenoOur iron distribution studies do not answer this question. Mutants known to accumulate iron by the reductive type, with progressive attenuation of the high-uptake phenotype. Probably this was due to accumulation of pathway followed by iron deposition in the mitochondria (⌬yfh1, ⌬atm1, etc.) also accumulate iron from sideextragenic suppressor mutations. In addition, it is important to note that only the strains considered as viable rophores , but the intracellular distribution of this siderophore iron was never investiin the EUROSCARF collection were screened. Curiously, mutants with defective Fe-S cluster assembly were gated. The cells deleted for YLL029w accumulated FOB in an undissociated form (whole cells were colored after not selected here. Some were classified as essential genes (e.g., YFH1, ATM1) and others were missed, perhaps growth with FOB) and showed increased iron in their mitochondria compared to wild-type cells (Table 3) , but due to masking of the phenotype by suppressors (e.g., SSQ1). Despite all these limitations, in this study a large further work would be required to determine if part
